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ABSTRACT
Adsorption in porous materials is a promising technology for CO2 capture and storage. Particularly important applications are adsorption separation of streams associated with the coal power plant operation, as well as natural gas sweetening. High surface area activated carbons are a promising family of materials for these applications, especially in the high pressure regimes. As the streams under consideration are generally multi-component mixtures, development and optimization of adsorption processes for their separation would substantially benefit from predictive simulation models. Here, we develop a molecular model of a high surface area carbon material based on a random packing of small fragments of a carbon sheet. In the construction of the model, we introduce a number of constraints, such as the value of the accessible surface area, concentration of the surface groups, and pore volume to bring the properties the model structure close to the reference porous material (Maxsorb carbon with the surface area in excess of 3000 m2/g). We use experimental data for CO2 and methane adsorption to tune and validate the model. We demonstrate the accuracy and robustness of the model by predicting single component adsorption of CO2, methane and other relevant components under a range of conditions.






1. Introduction

Capture and sequestration of carbon dioxide from power plants is an important intermediate strategy towards the reduction of the greenhouse emissions. This approach recognizes that power generation will still rely on fossil fuels in the nearest future. However, it allows us to satisfy the current energy demand, while remaining carbon-neutral and providing the necessary time for the technologies based on the renewable sources of energy to mature [1, 2]. A recent article by D’Alessandro and co-authors summarizes the main issues associated with carbon capture on industrial scale [3]. The key bottleneck in the implementation of carbon capture technologies is the additional energy cost of this process. Current conventional post-combustion technologies, based on absorption in amine solutions, consume 25%-40% of the energy produced by the power plant, which renders them economically and energetically unviable.  

Physical adsorption in porous materials is considered to be an energy efficient alternative to absorption processes, as it does not require reboiling and circulating of large amounts of solvent. A substantial research effort has been recently invested in systematic search and optimization of porous materials for carbon dioxide separation processes [4-6]. The obvious requirements include affinity and selectivity of the material towards carbon dioxide, stability with respect to water vapours and elevated temperatures, cost and so on. The actual choice of the material will also strongly depend on the specific separation process under consideration. D’Alessandro et al. identified three main processes where adsorption technologies could be particularly useful [3]. Let us briefly describe them. 

In post-combustion removal of carbon dioxide from the flue gas, the main separation is between  carbon dioxide and nitrogen, with CO2 constituting about 15% of the mixture at the total pressure of about 1 Bar and temperatures between 50 and 100ºC [3, 7]. The flue gas also contains a certain amount of water vapour (5-7%) and small amounts of oxygen, nitrogen oxides (NOx) and sulphur oxides (SOx). 

In the pre-combustion processes, separation of CO2 from H2 is required for the stream leaving the water-shift reactor.  This stream consists of 35-40% CO2 at a temperature of 40ºC and typical pressures between 30 and 55 Bar [3, 8]. This stream may also contain small amounts of carbon monoxide and hydrogen sulphide. 

In sweetening of sour natural gas the main separation is between carbon dioxide and methane. The composition of the mixture and properties of the stream can vary substantially depending on the source of the fossil fuel. As a typical example we can consider a stream with molar percentage of CO2 around 10-15% at temperatures between 10 and 40ºC and pressures of about 68-75 Bar [9, 10].

Zeolites, polymers, activated carbons, metal-organic frameworks, covalent organic frameworks and other materials have been extensively explored in application to these separation processes [3, 6]. In general activated carbons, unless chemically modified, do not exhibit particularly strong selectivity towards CO2, compared to other materials, such as metal-organic frameworks. Hence, as such they are not suitable for post-combustion removal of carbon dioxide. However, activated carbons are a very versatile and diverse family of materials, they are commercially available and relatively inexpensive. Furthermore, they are stable under a broad range of conditions, with highly reproducible and consistent adsorption behaviour. Over the last twenty or so years several types of activated carbons have been discovered with very high surface areas and porosities. These materials would be appropriate for adsorption separations at high pressures, such as pre-combustion treatment and natural gas sweetening, where the capacity of the material becomes the prevailing factor. Moreover, these materials can be considered as a starting point for further chemical modification or as a host for more complex, composite systems, tuned to exhibit the required carbon dioxide selectivity and affinity for post-combustion applications.

Development and optimization of pre-combustion and natural gas sweetening adsorption separation processes require data on adsorption equilibrium in candidate porous materials. However, it is generally difficult to measure multi-component adsorption isotherms, and even more so at high pressures and elevated temperatures (or both), which is the case for the processes of interest here. This motivates the development of accurate predictive molecular models, which are not constrained in the number of species or conditions under consideration. These models can also be used to gain molecular level insights on the details of adsorption processes in carbon materials and guide the development of new processes and applications.

This article focuses on the systematic development of molecular simulation models for high surface area activated carbons, exemplified by Maxsorb. Maxsorb is a group of commercially available activated carbons with high CO2 adsorption capacity produced by the Kansai Coke and Chemicals. The particular variant of Maxsorb (Maxsorb MSC-30) considered in this study has surface area in excess of 3000 m2/g and micropore volume in the range between 1.3 and 1.7 cm3/g. For further details the reader is referred to the original publication by Otowa and co-authors [11].

Maxsorb has been a subject of extensive studies especially in the field of gas storage and super-capacitor applications [12-26]. High adsorption capacity of Maxsorb (one of the highest for commercial activated carbons) is often used as a benchmark for comparison of the properties of newly synthesized activated carbons with high surface area and porosity. Here we consider Maxsorb MSC-30 as a generic representative of all disordered, high surface area activated carbons.   

The key challenge in molecular simulation of adsorption in activated carbons is their complex structure. Over the years many models have been proposed for these materials but no single comprehensive model has, as yet, emerged. In fact, different activated carbons may require very different models altogether to correctly reflect their microscopic organization. For a comprehensive summary of the existing models the reader is referred to the authoritative reviews in the field [27, 28].

Let us briefly examine the avenues available to us in the development of molecular models of Maxsorb. The model which has most commonly been used to describe activated carbons is the slit pore model [29]. Based on the experimental evidence of the lamellar pore structure in many carbons, it treats porous space as a collection of independent slit pores, with the pore walls made of an infinite number of graphite sheets. A combination of experimental data and computer simulations (or classical density functional theory) of adsorption in slit pores of different width is used to extract the pore size distribution (PSD), which is then used for predictions of adsorption of other species, mixtures of species or at other conditions. Seaton and co-workers [30] and Neimark and co-workers [31] have made substantial contributions in the field by developing reliable procedures for obtaining PSDs. The work by Davies and co-authors [32, 33] deserves particular attention for its clarity. For a simple overview of the issues related to the extraction of a reliable PSD, different methods and regularization protocols the reader is referred to the review by Vega [34]. The slit pore model has been applied to investigate adsorption of different light gases in activated carbons, including CO2, N2, CH4 and H2O [31, 35-45]. In some cases not only single components but also binary and more complex mixtures have been considered [37, 40, 43].

It has been also recognized that the slit pore model may be too oversimplified to adequately describe the complex nature of real carbon materials. Over the years different elements of heterogeneity have been added to the classical slit pore model, including structural defects, impurities, sheets of finite size, active sites, functional groups, effects of pore blocking and connectivity [45-60]. Nguyen and Bhatia have also introduced the concept of pore wall thickness distribution (PWTD) to be taken into account besides the PSD [61-63].  

It has been argued that the structure of many disordered activated carbons is composed of smaller structural units, such as several fragments of graphene stacked together (so called basic structural unit, or BSU [64]). This notion can be combined with well established theoretical and simulation approaches, where disordered porous materials are represented as a collection of randomly distributed structural elements [65]. One of the earlier examples of this approach is the model proposed by Segarra and Glandt [66]. The basic element of this model is a platelet, or a rigid disk, representing a stack of several (between 1 and 3) fragments of a carbon layer. Adsorbate-adsorbent interactions are described by developing a potential function for a platelet of a limited size in a fashion similar to the procedure required for the Steele 10-4-3 potential [67]. The complete model considers a random packing of these platelets. This model was employed in grand canonical Monte Carlo simulations of methane and ethane adsorption, and as well as adsorption of water vapour [66]. Liu and Monson further developed the model by Segarra and Glandt to accurately reflect specific structural characteristics of BPL carbon [68]. In their model the size of the platelet (1.7 nm) and the porosity of the structure corresponded to the existing experimental values. The original work was based on the structureless platelets and effective potentials, similar to that of Segarra and Glandt, while in the second phase of the work carbonylic groups and Coulombic interactions associated with them were modelled explicitly [69]. 

In a similar spirit, many other realistic models have been developed over the years. The presence of curved, fullerene-related elements due to non-hexagonal rings is now widely accepted and has been subject of extensive studies [70-73]. These elements have been directly observed in high resolution electron microscopy experiments and introduced in theoretical models [74-77]. In particular, Terzyk and co-authors have compared different methods for the determination of the PSD in a structure made of fragments of this type [78], while Kowalczyc and co-authors have studied the displacement of CH4 by carbon dioxide on different types of Schwartzites [79].  Kumar and co-authors have investigated the mixtures CH4/H2 and CH4/N2 in different models for microporous carbon, including a random arrangement of coronene graphitic basic units [80, 81].

Other models, aiming to accurately reproduce the actual process of the activated carbon formation have been also proposed [63, 82, 83], but they tend to be more computationally expensive and beyond the scope of this work. 

A general problem with all disordered models of activated carbons is that it is difficult to generate a model capable of quantitatively accurate predictions, even when the construction of the model is instructed by the available experimental data. Yet, this is precisely what we strive to accomplish here. Our approach is as follows. Surface area of Maxsorb MSC-30 (> 3000 m2/g) is not compatible with a slit pore representation, as even a single layer graphite “wall” has lower surface area of 2622 m2/g [84]. Given the high level of disorder in the structure of the material, revealed by SAXS [17], we use the platelet-based approach. As a building unit, we start with the simplest molecular structure compatible with the size of the graphitic fragments observed experimentally in activated carbons (>1nm) [74], which is the molecule of coronene. It has been also recently shown that using coronene as a BSU, it is possible to create realistic disordered models of activated carbon with surface areas equal and exceeding that of Maxsorb MSC-30 [85]. Using random packings of rigid molecules of coronene (or its variants) as model porous materials, we systematically examine carbon dioxide and methane adsorption behaviour in these structures as a function of their surface area, pore volume, size of the molecular fragments, presence and composition of surface groups and fragment curvature. Finally, using the insights from these studies and the experimental information about Maxsorb, we attempt to construct a predictive molecular model of this material and investigate its accuracy and performance. This final model for Maxsorb MSC-30 consists of a random arrangement of fullerene like elements, all formally equal to the molecule of corannulene, functionalized with hydroxylic groups. 

2. Methodology
The overall computational strategy is depicted in Fig. 1 and consists of the following stages. In the first stage, we consider a cubic simulation box and randomly pack it with rigid carbon fragments. In the second stage we use computational tools to characterize the resulting model structures in terms of their accessible surface area, pore volume, Henry’s constants of adsorption with respect to carbon dioxide and methane. The structural characteristics can be further modulated by randomly removing some of the fragments. Finally, in the third step, we use these random packings as model structures in grand canonical Monte Carlo (GCMC) simulations of single component adsorption of carbon dioxide and other gases. 


Fig. 1. Schematic description of the model construction process.

In the final part of the work we focus on one particular model which can be considered as a good representation of Maxsorb in terms of disorder, surface area, pore volume, carbon/oxygen ratio.  To validate the model, we simulate carbon dioxide and methane adsorption at 298 K and 323 K and compare the results with the reference experimental data. Where necessary the model is then further tuned to correctly reproduce the reference isotherms and once this objective is reached the model is applied to simulate adsorption of nitrogen and hydrogen. Simulations of adsorption become more sensitive to the details of the forcefield and the accuracy of the structure representation at lower temperatures, and therefore, to test the robustness of the model, we apply it to predict adsorption of methane and carbon dioxide at 273 K, although this lower temperature is not directly relevant to any applications of interest. Below we describe specific methodology details associated with these steps. 

2.1 Construction of the models
The computational protocol outlined above is fairly general, and for a specific implementation of this protocol we need to consider a number of options. They include the geometry and chemical nature of the rigid fragments (commonly called here platelets), their interactions with each other during the packing processes (the parameters of these interactions can be different from those employed in the adsorption studies), the algorithm for removing of some of the platelets in order to adjust the final structure properties and so on. 

For all these options, we first try the simplest solution possible. Specifically, we start with the simplest carbon fragment possible, which allows us to create model structures with high surface areas.   This is the molecule of coronene shown in Fig. 2. Starting with this structure we also consider larger fragments, fragments decorated with different types of surface groups, curved platelets and so on. In fact, the number of systems we considered in this process substantially exceeds the number of systems presented here, as we can focus only on several selected cases. During the packing process, the atoms of the platelets interact with each other via a hard-sphere potential with the collision diameters reported in Table S1 in the Supplemental Information (SI) file.



Fig. 2. (a) The molecule of coronene. (b) Typical packing of coronene platelets in a simulation cell. The cubic cell shown has sides of 60Å and contains 228 platelets in periodic boundary conditions. Cyan: carbon, grey: hydrogen. 


2.2 Characterization of the models
The models produced in the first stage are characterized using the package Poreblazer 1.2, which consists in a series of simulation tools developed by Sarkisov and Harrison using Fortran 90 programming language [86]. In particular, the total accessible surface area for each model has been calculated as the sum of the individual accessible surface areas associated with each atom of the adsorbent, using a nitrogen atom as a probe; this procedure has allowed us to directly relate the calculated surface areas to those measured in the BET adsorption experiments. In the SI file we demonstrate that the BET surface area (either from experiments or simulations) is a property consistent with the accessible surface area for this type of materials. Summary of the parameters involved in this calculation is provided in the SI file (Table S2). Accessible pore volume is calculated using the Widom insertion method and helium atom as a probe in order to make this characteristic consistent with the results from the helium porosimetry measurements [87]. For the parameters involved in this calculation the reader is referred to Table S3 in the SI file.

Henry’s constant of adsorption corresponds to the limiting slope of an adsorption isotherm as the adsorbate pressure approaches zero. This characteristic is a direct reflection of the strength of adsorbent-adsorbate interactions and, by comparison with the experimental data, can provide a good indication of how accurate the model is. Here this characteristic is calculated using a simple approach, recently proposed by Sarkisov, based on the lattice representation of the simulation cell [88]. Summary of the parameters involved in this calculation is provided in the SI file (Table S4).

2.3 Simulation details
First, we provide the details of the intermolecular interactions. For methane we use the united atom model [89], and for carbon dioxide we use the three center model from the TraPPE forcefield [90]. In the final part of the work nitrogen is also modelled using the three centre model from the TraPPE forcefield [90] , while for hydrogen, following the work by Cracknell [91], the single-site model  by Buch [92] is employed.

As a starting point for our study, for carbon fragments we use the parameters proposed by Tenney and Lastoskie [93]. These parameters are in line with other parameters reported in the literature [94-97]. For example, we note that for carbon atoms, Tenney and Lastoskie adopted the Lennard-Jones (LJ) parameters used for the derivation of the analytical Steele 10-4-3 potential for infinite carbon walls [67]. The above mentioned LJ parameters and charges are used for all the models described in the first part of this work, apart from the few cases in which it is explicitly stated, and the complete summary of parameters is provided in the SI file.

In the last part of our work, which deals with the choice of one particular model to reproduce the behaviour of Maxsorb, the solid-fluid interaction for methane is slightly scaled to obtain a better agreement with the experimental isotherm. This kind of tuning is justified by the recent studies which show that the presence of curved surfaces, together with the presence of groups and defects in the structure of activated carbons, increases the solid-fluid interaction for some species, compared to what has been proposed for graphite [63, 70, 82]. It is important to emphasise however that in the scaling described above several effects (i.e. curvature of fragments and presence of groups) are grouped together via a single scaling factor. Since in our work functional groups and Coulombic interactions are explicitly modelled, it is only the effect of curvature we are trying to incorporate via the scaling factor and for species involving Coulombic interactions (carbon dioxide), we anticipate less tuning required. This will be discussed in the results section in more detail.

Partial charges in our final model of Maxsorb are calculated using the B3LYP  Density Functional Theory method [98], with 6-31G basis set and CHELPG [99] charge analysis with the Gaussian 09 software package [100]. 

Once a model with the desired features has been prepared, GCMC simulations are used to calculate adsorption isotherms. The implementation of the GCMC simulation method is both well established and well documented [101, 102]. Here we use the energy biased GCMC, as implemented in the MuSiC simulation package [103]. 

For each system, we consider cubic simulation cell with a side of 60Å in length, placed in periodic boundary conditions. Typically, a packing would contain more than 200 platelets, depending on the system. In the studies of disordered systems it is very important to assess variation of the adsorption properties as a function of structure realization and, if necessary, average the calculated adsorption properties over sufficient number of structure realizations. In the SI file we demonstrate that the system size here is sufficiently large to generate properties, independent of a particular structure realization, and therefore all simulations presented here are performed using a single realization of the system. Further details of the GCMC simulations protocol adopted in this work are provided in Section 3 of the SI file, including details of the potential cutoffs, number of Monte Carlo moves per adsorption point, type and weight of Monte Carlo moves and other parameters. 

For correct comparison with the experimental data all the simulated adsorption densities are converted into excess values  following the procedure proposed by Talu and Myers [87] and summarized in the SI file. 

2.4 Experimental section
High pressure CO2 and CH4 adsorption isotherms are measured on a sample of Maxsorb with BET surface area of 3179.24 m2/g and micropore volume of 1.63 cm3/g using a static volumetric rig. Details on the general procedure and a schematic representation of the apparatus can be found in literature [40]. Before the measurement of the adsorption isotherms the sample is regenerated in the adsorption cell under vacuum at 433 K for at least 5 hours. The equilibration time for each point of each isotherm is between 45 and 60 minutes. Thermal equilibrium during the measurements is insured by the presence of a bath at constant temperature. The sample is characterized through the measurement of nitrogen adsorption at 77.35 K performed on a Quantachrome Autosorb IQ apparatus coupled with the Quantachrome ASiQwin software for the automated acquisition and reduction of the data. In particular, the micropore volume is determined using the Dubinin-Radushkevich method [104].

To insure the reliability and the reproducibility of our measurements the adsorption isotherms experimentally determined in our group are compared with those reported in literature. When necessary measurements performed by other groups but consistent with ours are also used as a reference for the validation of our simulations. The results of the above mentioned comparisons and all the isotherms taken as a reference will be presented in Section 3.3.1.

3. Results
3.1 Preliminary studies
In order to understand the motivation behind the extensive studies in the next section of this article and the selection of the final parameters for the molecular model of Maxsorb, it is instructive to revisit one of the first systems explored in this study.  Our original idea was to focus on just two characteristics of Maxsorb MSC-30, its high surface area and pore volume, which we believed were particularly important. For this we constructed a model structure based on a packing of the coronene (CR) platelets, with morphological features resembling Maxsorb MSC-30. Table 1 below shows characteristics of this model, whereas Fig. 3 compares experimental and simulated adsorption isotherms for methane and carbon dioxide at room temperature (298 K). 

Table 1. Characteristics of the model structure based on coronene platelets (CR), compared to the typical, experimentally measured properties of Maxsorb MSC-30 (MSC-30). In this table, S.A. is the surface area, V is the micropore volume, kH is the Henry’s constant of adsorption and C/O is the ratio of number of carbon atoms to oxygen atoms in the material.
SYSTEM	S.A.	V, 298 K	kH CH4, 298 K	kH CO2, 298 K	C/O
	m2/g	cm3/g	mol/kg/Bar	mol/kg/Bar	
CR	3428.8	1.24	0.51	2.00	-
MSC-30	3000 - 3400	1.3 – 1.7	1.3 – 1.9	2.4	7.8

Table 1 shows that for the surface area and micropore volume the model values are close to the ones typically found for Maxsorb MSC-30; nevertheless the surface area is closer to the upper bound of the experimentally observed values, while the micropore volume is slightly below the lower bound of the experimental values. As for the Henry’s constants there is a clear underprediction in the case of methane, while for CO2 the agreement can be considered as reasonable. The current model does not consider functional groups or any other moieties containing oxygen, as seen from the C/O parameter. 


Fig. 3. Experimental (red symbols) and simulated (black symbols) adsorption isotherms for CH4 (a) and CO2 (b) at 298 K for the model structure based on coronene platelets (CR).

Fig. 3 shows adsorption isotherms for methane and carbon dioxide in CR model at 298 K. From this figure, it seems that this model based on the realistic values of the surface area and pore volume of the target structure is reasonably accurate, at least for carbon dioxide adsorption. There are nevertheless clear deviations in the behaviour. Particularly, methane adsorption is underpredicted in the whole range of pressures, as can be also anticipated from the lower value of the Henry’s constant, compared to the experimental value (Table 1). This preliminary result posed a number of questions. Can the differences in methane adsorption be reconciled by some variation of the properties of the platelets and their packings, and if so to what extent? Is the accurate prediction of carbon dioxide adsorption a result of some fortuitous cancellation of errors, and if so how shall the model be further refined? In order to answer these questions and produce some systematic approach to further development of the model, we set to investigate its behaviour as a function of a number of parameters and this study is presented in the next section. 

3.2. Systematic study of different platelet models
The models presented below explore how several variables can influence the simulated adsorption isotherms for methane and carbon dioxide at 298 K. In this section we present, in the order, the effect of the size of the platelets, presence of functional groups, type of groups, increasing surface area of the system, model for partial charges and platelet curvature.

 3.2.1 Effect of platelet size
To study the effect of the basic structural unit size on adsorption isotherms we constructed three different models based on coronene (CR), hexabenzocoronene (HCR) and circumcircumcoronene (CCR) molecules respectively, as shown in Fig. 4.

Fig. 4. Molecular visualizations of platelets based on (a) Coronene (CR), (b) Hexabenzocoronene (HCR), (c) Circumcircumcoronene (CCR). Cyan: carbon, grey: hydrogen. 

The properties of the systems are summarized in Table 2. To study adsorption behaviour as a function of just one parameter at a time, the packings of various fragments are constructed in such a way (through the judicious addition and removal of fragments) so to have about the same surface area and pore volume, although as it is seen below the latter parameter is not a fully independent characteristic.  It is difficult to achieve the value of the surface area corresponding to Maxsorb for large platelets, because, given the dimensions of the simulation box, they tend to pack very inefficiently, leading to sparse structures and higher surface areas. Hence, all three models here are compared to each other at somewhat higher value of the surface area, than that for Maxsorb. 


Table 2. Properties of the systems under examination for the study of the effect of the size of the platelets. In this table, S.A. is the surface area, V is the micropore volume, kH is the Henry’s constant of adsorption, d is the size of the platelet (largest distance between two hydrogen atoms) and ρ is density.
SYSTEM	S.A.	V, 298 K	kH CH4, 298 K	kH CO2, 298 K	d	ρ
	m2/g	cm3/g	mol/kg/Bar	mol/kg/Bar	Å	g/cm3
CR	3919.1	1.40	0.49	1.83	9.45	0.49
HCR	3888.5	1.41	0.58	2.11	13.44	0.51
CCR	3900.0	1.57	0.71	2.37	19.15	0.50

For each system Table 2 also shows the values of the apparent density (ρ) and the length of the longer dimension of the platelets (d). The simulated CO2 and CH4 adsorption isotherms are shown in Fig.5. From this figure it appears that when the size of the platelet increases there is also an increase in adsorption densities, either in the Henry’s law region or at high pressures, although this effect is not as visible for carbon dioxide 
                                                               

Fig. 5. (a) Excess adsorption isotherms at 298 K for CH4 in CR (open squares), HCR (grey squares) and CCR (black squares) models; (b) Excess adsorption isotherms at 298 K for CO2 in CR (open circles), HCR (grey circles) and CCR (black circles) models.

At higher pressures this effect could be to some extent attributed to slightly higher porosities of the model porous materials based on the larger fragments. A more general reason for this is stronger solid-fluid interactions for larger platelets as suggested by the Henry’s constants of adsorption for carbon dioxide and methane in Table 2. We further investigate these effects in Fig. 6 by plotting the ensemble average solid-fluid interaction energy as a function of pressure. 



Fig. 6. (a) Average CH4-adsorbent interaction energy expressed in kJ per mol of adsorbate as a function of pressure. (b) Average CO2-adsorbent Lennard-Jones (squares), Coulombic (circles), and total (triangles) interaction energies expressed in kJ per mol of adsorbate as a function of pressure. Open symbols are for the CR model, grey symbols are for the HCR model and black symbols are for the CCR model, respectively. Lines are for eye guidance only.

In the case of CH4 only LJ interactions are included, and it is clear from the graph in Fig. 6(a) that an increase in the size of the platelets leads to an increase in the interaction energy. At low pressures this property is dominated by the adsorbate molecules located either in a close vicinity or at the surface of the platelets. At higher pressures as the loading increases a greater proportion of the molecules occupy regions of porous space further away from the platelets, and as a result the average solid-fluid interaction energy decreases with pressure.

The average LJ energy between CO2 and the platelets behaves in a similar way as for methane and for larger platelets this interaction is stronger (Fig. 6(b)).  However, the Coulombic contribution to the CO2-platelet interaction follows the opposite trend and for larger platelets this contribution becomes smaller. For the fragments in Fig. 4, the predominant contribution to solid-fluid Coulombic energy is the interaction between carbon dioxide and termini hydrogen atoms on the edges of the platelets.  As the size of the platelet increases, the concentration of hydrogens per gram of material decreases (since the surface area grows proportionally to the square of the diameter of the platelet, while the number of hydrogen atoms increases linearly with the size). For example, the concentrations of termini hydrogens for CR, HCR and CCR fragments are respectively 4.0∙10-2, 3.4∙10-2 and 2.0∙10-2 mol/g. As a result, the LJ interaction per molecule of adsorbate is stronger in the CCR system compared to CR, but the Coulombic interaction is weaker. The combination of the two opposite energy trends in case of CO2 provides a plausible explanation for the lesser effect of platelet size on CO2 adsorption isotherms, compared to methane. Both Lennard-Jones and Coulombic CO2-adsorbent energies decrease with pressure following a trend similar to that of methane.

3.2.2 Effect of the functional groups
We now turn our attention to the role of functional groups in the adsorption of carbon dioxide and methane. Let us first briefly review what is known about the nature of functional groups and their concentration in Maxsorb. The article by Otowa et al.  describes the quantitative analysis of the surface functional groups that was performed on Maxsorb using the Bohem’s titration method [105]. For Maxsorb MSC-30 hydroxil, carboxyl and lactone groups were identified in the concentrations of 79, 46 and 36 meq/g respectively. From the elemental composition the C/O ratio appeared to be 7.8. Clearly, the structure of the real material is quite complex, with some properties such as charge distribution and location of the groups being closely coupled. To isolate the effect of presence of the groups from their nature, we consider a simplified system, where all oxygen in the structure is present in the form of hydroxyl groups (the most abundant) only. This choice, which will be further discussed in the next section, is supported by previous studies which indicate that the adsorption behaviour of carbon materials is influenced mainly by the total amount of oxygen rather than by the type of groups themselves [106]. We use the coronene molecule as our reference system, and consider two variants of this structure modified with two and three hydroxilic groups respectively, (CR-(OH)2 and CR-(OH)3), as shown in Fig. 7. The C-O bonds lie on the plane of the platelet, which insures the maintenance of the sp2 hybridization for the carbon atoms. The number of the groups is chosen to reflect the experimentally observed C/O ratios in Maxsorb [105], while the mutual positions of the groups are meant to minimize the cooperative effects between the groups (in other words, the groups are separated as far as possible from each other within a single platelet).  Although this is not the only way to distribute the surface groups, for now we adhere to the simplest approach possible.  





Fig. 7.  Molecular visualizations of platelets based on (a) Coronene (CR), (b) Coronene functionalized with two hydroxylic groups (CR-(OH)2), and (c) Coronene functionalized with three hydroxilic groups (CR-(OH)3). Cyan: carbon, grey: hydrogen, red: oxygen.

We prepare packings of these platelets, with characteristics shown in Table 3. Similarly to the previous case, these packings feature very similar surface areas, pore volumes and densities and therefore the effect of the presence of surface groups can be isolated from other variables.


Table 3. Properties of the systems under examination for the study of the effect of functional groups. The properties in this table are defined in the same way as for Tables 1 and 2.

SYSTEM	S.A.	V, 298 K	kH CH4, 298 K	kH CO2, 298 K	C/O	ρ
	m2/g	cm3/g	mol/kg/Bar	mol/kg/Bar		g/cm3
CR	3428.8	1.24	0.51	2.00	-	0.52
CR-(OH)2	3410.5	1.23	0.52	2.26	9	0.54
CR- (OH)3	3433.5	1.26	0.57	2.41	6	0.54

The CO2 and CH4 excess adsorption isotherms at 298 K for these systems are shown in Fig. 8.

                                                                    

Fig. 8. (a) Excess adsorption isotherms at 298 K for CH4 in CR (open squares), CR-(OH)2 (grey squares) and CR-(OH)3 (black squares) systems, respectively. (b) Excess adsorption isotherms at 298 K for CO2 in CR (open circles), CR-(OH)2 (grey circles) and CR-(OH)3 (black circles) systems, respectively.

Not surprisingly, presence of the groups has only a minor effect on the adsorption of methane, either at low or at high pressures, while the effect on the CO2 adsorption is definitely stronger and proportional to the number of groups used to functionalize the platelets. These results can be explained by taking into account that only CO2 molecules are engaged in the Coulombic interaction, which is obviously increased by the presence of the polar groups.

Table 3 shows how the Henry’s constants for CH4 and CO2 vary with the presence of the groups: in both cases the higher the number of the groups the higher the Henry’s constants. In agreement with what has been stated in Section 3.2.1, addition of functional groups can be seen as a general increase in the size of platelets and the number of interaction sites involved in each platelet thus leading to stronger adsorbate-adsorbent interactions even for species that are not involved in Coulombic interactions with the surface groups (methane). However, similarly to adsorption isotherms, for Henry’s constants the effect of the functional groups is more pronounced for carbon dioxide rather than for methane due to polar nature of the groups.

3.2.3 Effect of the nature of the functional groups
Now, when we established the overall influence of the presence of the polar functional groups on adsorption behaviour of carbon dioxide and methane, we can focus in more detail on the nature of these groups. Here we construct a model to test the observation, mentioned in the previous section, that the type of the oxygenated groups does not play a crucial role in influencing the extent of adsorption, which depends mostly on the total concentration of oxygen atoms at the surface [106]. For this, we consider two systems, coronene functionalized with two hydroxylic groups and coronene functionalized with one carboxylic group (CR-COOH), as shown in Fig. 9. 


Fig. 9. Molecular visualizations of platelets based on (a) coronene functionalized with two hydroxylic groups (CR-(OH)2) and (b) coronene functionalized with one carboxylic group (CR-COOH). Cyan: carbon, grey: hydrogen, red: oxygen.

This arrangement allows us to keep the C/O ratio for two systems very close to each other, thus isolating the effect of the nature of the group from the effect of the total oxygen concentration in the system. Also, as seen from Table 4, other morphological properties of the systems are maintained very close to each other. 

Table 4.  Properties of the systems under examination for the study of the effect of the nature of functional groups. The properties in this table are defined in the same way as for Tables 1 and 2.


SYSTEM	S.A.	VHe, 298 K	kH CH4, 298 K	kH CO2, 298 K	C/O	ρ
	m2/g	cm3/g	mol/kg/Bar	mol/kg/Bar		g/cm3
CR-(OH)2	3410.5	1.23	0.52	2.26	9.00	0.54
CR-COOH	3428.1	1.27	0.54	2.37	9.38	0.53




Fig. 10. (a) Excess adsorption isotherms at 298 K for CH4 in CR-(OH)2 (open squares) and CR-COOH (black squares) systems, respectively. (b) Excess adsorption isotherms for CO2 at 298 K in CR-(OH)2 (open circles) and CR-COOH (black circles) systems, respectively.

Table 4 shows that the values of Henry’s constants are very close to each other. This is in agreement with the adsorption isotherms (Fig. 10), which show only minimal differences. These results seem to reinforce the idea that the most influential aspect in terms of adsorption is the total concentration of oxygen on the surfaces, rather than the nature of groups themselves. This behaviour, however, should be further scrutinized in the presence of water molecules.

3.2.4 Effect of the surface area
In this section we use coronene with three added hydroxylic groups (CR-(OH)3) as a basic structural unit and consider six different structures with increasing surface area, each of them obtained by progressive removal of platelets from the initial denser structure. This naturally also leads to structures of higher porosity. Therefore, it is important to explore properties of these structures in conjunction with both their surface area and porosity.

Fig. 11(a) shows the Henry’s constants for CO2 and CH4 and porosity of the model structures as a function of the surface area. As the surface area increases the Henry’s constants of adsorption decrease, both for CO2 and methane, while the pore volume increases. These trends can be explained by considering that any increase in the accessible surface area is accompanied by a decrease in the number of interaction sites in the system, which becomes progressively less dense. Denser systems are characterized by energetically favourable regions of porous space, resulting from the interaction emanating from several platelets. As the system becomes progressively sparse, these regions disappear. The above mentioned effect appears to be more pronounced for CO2 compared to methane.
 
Fig. 11(b) shows the excess amount adsorbed for both methane and carbon dioxide at the highest pressure explored (pmax=22 Bar) as a function of the surface area. The general trend appears to be as follows:  the increase of the surface area is always accompanied by an increase in the accessible pore volume of the system and this determines an increase in the amount of fluid that can be adsorbed at high pressures. This effect can be observed particularly clearly for CO2 up to the surface areas of around 5500 m2/g. For CH4 there is a smaller but still noticeable increase in the maximum excess amount adsorbed for the surface areas up to about 3800 m2/g. As the systems become even sparser, there is a change in the trend. The density of the adsorbed phase starts to resemble the bulk phase, and the excess amount adsorbed, being simply the difference between these two properties, should start to decrease (ultimately approaching zero beyond the scale of the graph). The actual details of this trend depend not only on the porous material but also on the properties of the adsorbing species, and the location of the conditions under consideration on the bulk phase diagram. With methane (critical temperature -82.7˚C) being deep in the supercritical region of the phase diagram compared to CO2 (critical point 31.1˚C), bulk-like density of the confined fluid is expected to be reached at lower values of porosity of model structures.   We do not extend our study to surface areas higher than 6500 m2/g, which has recently been shown to be the theoretical limit of surface area for carbon materials [85]. 



 
Fig. 11. (a) Henry’s constants of adsorption at 298 K for CH4 (squares, left scale) and CO2 (circles, left scale), pore volume (crosses, right scale) as a function of surface area. (b) Excess adsorption at pmax for CH4 (squares, left scale) and CO2 (circles, left scale), pore volume (crosses, right scale) as a function of surface area. 

An overall observation that comes from the present section is that CO2 adsorption is much more sensitive than methane to the differences in the surface area and porosity of the adsorbent under considered conditions. 

3.2.5 Effect of the charge model
In this section we are interested in the effect of the method used to attribute partial charges on platelets on CO2 adsorption isotherms (CH4 adsorption is obviously not affected, given the model we are using). We investigate two of the systems introduced in Section 3.2.2, coronene and coronene functionalized with two hydroxyl groups, and compare the behaviour of the same systems using the charges from Tenney and Lastoskie (obtained from ab initio calculations for representative ~100 atom polycyclic aromatic hydrocarbons using the Hartree-Fock method, 6-31G(d,p) basis set and Mulliken population analysis) and the charges determined by us through B3LYP DFT method, 6-31G basis set and CHELPG population analysis (Figure 12). Summary of the actual charges assigned by both methods is provided in Section 5 of the SI file. The properties of the two systems under investigation have already been summarized in Table 3.


Fig. 12. Excess adsorption isotherms for CO2 at 298 K in (a) CR and (b) CR-(OH)2 systems with different sets of charges. Open circles correspond to parameters from Tenney and Lastoskie; black circles correspond to the present work.
                                             
Interestingly, in the absence of functional groups (Fig. 12(a)) the method used to attribute the charges makes a difference, and the charges calculated by us result in the lower loading and Henry’s constant (2.0 mol/kg/Bar for Tenney and Lastoskie charge model compared to 1.2 mol/kg/Bar for our model). In the presence of the functional groups (Fig. 12(b)) the differences in the adsorption behaviour become much smaller. The difference in the Henry’s constant is also smaller, with the actual values being 2.26 mol/kg/Bar for Tenney and Lastoskie charge model and 2.10 mol/kg/Bar for our charge model, respectively. A detailed investigation of these differences is beyond the scope of this article. We note here that both values of the Henry’s constant for the model featuring surface groups are reasonably close to the experimental value (2.4 mol/kg/Bar). Within the charge model of Tenney and Lastoskie presence of the functional groups has lesser effect on the adsorption properties, with kH values being 2.0 and 2.26 mol/kg/Bar for systems with no groups and with groups, respectively. An alternative charge model proposed here suggests a more substantial role of functional polar groups. As we intend to consider a broader range of systems with some groups not considered in the original parameterization of Tenney and Lastoskie, we adopt a combination of B3LYP DFT and CHELPG methods for all subsequent more specialized models of Maxsorb, considered in section 3.3.2.

3.2.6 Effect of the platelet curvature
As mentioned in the introduction the results of several recent studies suggest that the curved surfaces in the structure of activated carbons play a significant role in their adsorption behaviour. In this section we compare the adsorption isotherms simulated for the systems based on coronene, which has a flat geometry, Fig. 13(a), and corannulene (CRNL), which is shown in Fig. 13(b), (c) and is curved due to the presence of a five member ring (this can be considered as a fragment of a fullerene). As seen in Table 5 we maintain surface area and pore volume of the systems as close to each other as possible to single out the effect of curvature only. In both cases the charges have been determined using B3LYP DFT and CHELPG methods.



Fig. 13. Molecular visualization of platelets based on coronene, CR (a) and curved corannulene, CRNL (b, c) fragments. Cyan: carbon, grey: hydrogen. 

It has been shown for several adsorbates that the solid-fluid interaction with the graphitic carbon is stronger near curved surfaces, and this effect has often been attributed to the intermediate hybridization of carbon between sp2 and sp3 within curved fragments, as opposed to sp2 hybridization in planar graphite sheets [63, 70, 82].

Table 5. Properties of the systems under examination for the study of the effect of the platelet curvature. The properties in this table are defined in the same way as for Tables 1 and 2.


SYSTEM	S.A.	V, 298 K	kH CH4, 298 K	kH CO2, 298 K	ρ
	m2/g	cm3/g	mol/kg/Bar	mol/kg/Bar	g/cm3
CR	3428.8	1.24	0.51	1.20	0.52
CRNL (not scaled)	3427.6	1.25	0.43	1.01	0.51
CRNL (scaled)	3427.6	1.29	0.59	1.62	0.51



CRNL (not scaled) system in Table 5 is based on the same Lennard-Jones interaction parameters as the reference CR system. For the system presented as CRNL (scaled), a scaling factor is applied to the depth of the potential well for all the LJ interactions between carbon atoms of the platelets and atoms of adsorbate molecules. We use scaling factor of 1.1, which is very close to what has been previously adopted to reproduce experimental data for adsorption of methane in BPL and ACF-15 carbons, without any further modification of parameters [63, 82]. We note that the most optimal scaling factor for Maxsorb MSC-30 does not necessarily have to be the same. 

The simulated adsorption isotherms for the different systems are shown in Fig. 14.
.


 Fig. 14.  (a) Excess adsorption isotherms for CH4 at 298 K in CR (open squares), CRNL with no scaling (grey squares) and CRNL with scaling applied (black squares). (b) Excess adsorption isotherms for CO2 at 298 K in CR (open circles), CRNL with no scaling (grey circles) and CRNL with scaling applied (black circles).
                                                                
Comparing the behaviour of CR and CRNL (not scaled) it is clear that the introduced platelet curvature itself leads to a decrease in the adsorption of both methane and carbon dioxide. This is true not only in the Henry’s law region (Table 5) but also at higher pressures (Fig. 14). We may speculate that this is related to packing effects of curved platelets. We further note that curved platelets are slightly smaller in size (lower number of carbon atoms), compared to the reference flat platelets, and this may also lead to a diminished adsorption as discussed earlier. Application of the scaling factor leads to a net increase in adsorption both at low and high pressures for both adsorbing species.  From the last two rows of Table 5, scaling has also a small effect on the accessible pore volume, which is expected as it is determined from the Widom insertion method and helium atom interacting via the LJ potential with the atoms of the structure.


3.3 Development of a model for Maxsorb activated carbon

3.3.1 Experimental section: the reference isotherms
Before we turn our attention to the construction of a quantitative model of Maxsorb, it is important to revisit the key adsorption properties the model is aimed to reproduce. Fig. 15 shows a comparison between the isotherms measured in our group for CH4 and CO2 at different temperatures and the results published by different groups [14, 16, 18]. An excellent agreement is observed at all temperatures for CO2 and CH4. The graph also shows the adsorption of H2 at 298 K as measured by Linares-Solano and co-workers [18]. 



Fig. 15. (a) Experimental adsorption isotherms measured by different groups on Maxsorb MSC-30. Black [16] and blue (present work) squares are for CH4 at 273 K. Red squares [16], cyan squares [14] and grey squares (present work) are for CH4 at 298 K. Open squares [16] are for CH4 at 323 K. Cyan diamonds are for H2 at 298 K [18]. (b) Black circles [16] and blue circles (present work) are for CO2 at 273 K. Grey circles [16] and red circles (present work) are for CO2 at 298 K are for CO2 at 298 K. Open circles are for CO2 at 323 K [16].

3.3.2 Choice of a suitable model to represent Maxsorb MSC-30
The results of the preliminary studies presented in Section 3.1 showed a reasonable agreement between the simulated and experimental CO2 adsorption, while the adsorption of CH4 was clearly under-estimated. Also, this model was not the most realistic, with many important details such as presence of functional groups and curvature ignored. The results presented in section 3.2 allow us to state which parameters have a significant effect on the adsorption properties of the model with respect to CO2 and CH4 and which do not.

The presence of functional groups, the C/O ratio, the surface area (and consequently the pore volume), the scaling of the solid-fluid interaction performed to take into account the presence of curvature all have a noticeable impact on the adsorption isotherms; the type of functional groups only have a minor effect. As for the dimension of the platelets this does have a substantial effect on the adsorption of methane. However, there is a substantial computational cost associated with generating the systems based on larger platelets, while maintaining the properties of the packings, such as surface area, close to the target ones of Maxsorb. Hence this strategy has been discarded. In principle, the method used to determine the charges may have an effect on the adsorption properties, depending on the chosen model of the platelet. This needs to be further investigated. 

Although the observed trends are not sufficient to construct a unique model of Maxsorb, we believe they instruct us on how to construct a reasonable model. Specifically, we choose as a BSU a platelet corresponding to corannulene (so it is curved) functionalized with two hydroxylic groups (Fig. 16). The study of the actual chemical stability or reactivity of this species is beyond the scope of the present work.


Fig. 16. Computer visualization of a molecule of corannulene functionalized with two hydroxylic groups. (a): top view, (b): side view. Cyan: carbon, grey: hydrogen, red: oxygen.

Before proceeding to the random packing step (based simply on hard-sphere interactions) the structure is energy minimized and charges are calculated using the B3LYP/CHELPG set of methods with the Gaussian 09 software package [98-100]. The packing properties are adjusted (through the removal of platelets from the most dense structure) to reproduce the surface area of Maxsorb as closely as possible. The characteristics of the final model are summarized in Table 6 which also presents for comparison the typical characteristics of Maxsorb MSC-30.

Table 6. Characteristics of the final model constructed in this work compared with typical characteristics of Maxsorb MSC-30 activated carbon (properties of the actual sample studied here are given in brackets). The properties in this table are defined in the same way as for Tables 1 and 2.

SYSTEM	S.A.	V, 298 K	kH CH4, 298 K	kH CO2, 298 K	C/O
	m2/g	cm3/g	mol/kg/Bar	mol/kg/Bar	
CRNL-(OH)2	3236.64	1.28	1.03	1.96	7.5
MSC-30	3000 - 3400(3179.24)	1.3 – 1.7(1.63)	1.3 – 1.9	2.4	7.8

It is also important to note here that despite being formally made by an arrangement of discrete elements, packings of platelets here form a self-sustained fully percolated network in three dimensions, as characterized using the package Poreblazer 1.2, which adds an additional element of realism to the model.

The model has been further characterized through the determination of the geometric pore size distribution, the calculation of Henry’s constants for CO2 and CH4 at different temperatures and the determination of the differential enthalpies of adsorption at zero coverage for the same adsorbates. The details and results of the calculations are presented in Section 6 of the SI file.

In simulation of adsorption isotherms and calculation of the Henry’s constants, a scaling factor of 1.23 is applied for methane-platelet interactions to obtain better agreement with the experimental data. No scaling however is applied in case of carbon dioxide adsorption. Although this scaling is arbitrary to some extent and is simply a reflection of the intrinsic imperfections of the model, here we speculate on how this scaling can be justified. In our model the functional groups and the Coulombic interactions are explicitly represented and this has an important effect on CO2 adsorption. This becomes particularly evident if we consider that for carbon dioxide adsorption Coulombic energy constitutes about 23% of the total solid-fluid interaction. To the best of our knowledge the previous studies involving curved surfaces did not include groups or Coulombic interactions in the models and the scaling of solid-fluid interactions was applied to account for all the different types of heterogeneity and curvature effects [63, 82]. It seems by modelling the polar groups explicitly we introduced a sufficient degree of heterogeneity to reproduce correctly adsorption of polar species. However, heterogeneity influencing adsorption of apolar species, such as methane, is not yet incorporated to full extent in the current model, and hence some scaling is still needed. This argument also suggests how the scaling should be consistently applied for species other than carbon dioxide and methane. Specifically, the same scaling factor determined for CH4 is applied to hydrogen, as for both species Coulombic interactions have not been modelled explicitly; however in the case of nitrogen no scaling factor is applied, as in the three site model of nitrogen employed here the Coulombic interactions are included explicitly. 


Fig. 17. (a) Comparison between simulated (black squares) and experimental [16] (red squares) adsorption isotherms for CH4 at 298 K. (b) Comparison between simulated (black circles) and experimental (red circles) adsorption isotherms for CO2 at 298 K.

The final simulated adsorption isotherms at 298 K are shown in Fig. 17 in comparison with the experimental data. For methane (Fig. 17(a)) the model shows an excellent agreement (which is not surprising given that some scaling was involved). For carbon dioxide (Fig. 17(b)), the model performs very well up to pressures of about 20 Bar, but somewhat underpredicts adsorption density at higher pressures.  

Any simulation model is valuable only if it is able to provide accurate predictions for a range of conditions and situations. To test the accuracy of the model we simulate CO2 and CH4 adsorption at 273 and 323 K. It is anticipated that at lower temperature the results become more sensitive to the details of the structure and the forcefield and hence the accuracy should deteriorate, while at higher temperatures the model should still remain accurate. The results are shown in Fig. 18 (isotherms at 273 K) and Fig. 19 (isotherms at 323 K). In the case of CH4 and also for CO2 at 323 K the chosen reference isotherms are the ones published by Himeno and co-authors [16].




Fig. 18. (a) Comparison between simulated (black squares) and experimental [16] (red squares) adsorption isotherms for CH4 at 273 K. (b) Comparison between simulated (black circles) and experimental (red circles) adsorption isotherms for CO2 at 273 K.



Fig. 19. (a) Comparison between simulated (black squares) and experimental [16] (red squares) adsorption isotherms for CH4 at 323 K. (b) Comparison between simulated (black circles) and experimental [16] (red circles) adsorption isotherms for CO2 at 323 K.


It is quite clear that for methane the model seems to work really well over the range of temperatures 273-323 K in a broad range of pressures, from 0 to 50 Bar.  In the case of CO2 the model works well for temperatures between 273 and 323 K in a range of pressures that becomes broader the higher the temperature. In particular, at 273 K the results for CO2 are reliable up to 10-12.5 Bar, while at 298 and 323 K the range of pressures where the model is still accurate (within 15% of reference adsorbed density) is shifted to 20-22.5 and 25 Bar respectively. At higher pressures (>25 Bar) the model underestimates CO2 adsorption. Aside from the imperfections of the adsorbent model, another contribution to this trend may arise from the tendency of TraPPE to underestimate density for CO2 at high pressures (see SI). 

For further validation of the model we need to put it in the context of a real application. Here we apply it to predict adsorption of nitrogen and hydrogen, which are the main components of the streams for the post and pre-combustion processes respectively.  The comparison of the simulated adsorption isotherm for nitrogen at 373 K compared with the experimental measurements by Grande and co-authors [7], shown in Fig. 20(a), suggests that the model should be applicable to the post-combustion streams.


Figure 20. (a) Comparison between simulated (black triangles) and experimental [7] (red triangles) adsorption isotherms for N2 at 373 K. (b) Comparison between simulated (black diamonds) and experimental [18] (red diamonds) adsorption isotherms for H2 at 298 K.
 
For pre-combustion processes it is important, as a first step, to correctly predict adsorption of hydrogen and carbon dioxide. Comparison between our simulated isotherm for H2 at 298 K and the measurement performed by Linares-Solano and co-workers [18] is shown in Fig. 20(b). The temperature under consideration, 298 K, is not exactly the temperature of the pre-combustion stream (313 K) but this is the temperature at which our reference isotherm was measured.

Both simulations and experiments indicate that the amount of hydrogen adsorbed in Maxsorb is small even at relatively high pressures (up to 60 Bar). The simulations in general underestimate adsorbed density of hydrogen compared to the experimental isotherm. However, given the simplicity of the adopted model for hydrogen and the broad range of pressures under examination the agreement can be considered as acceptable, especially since the mechanism of adsorption of hydrogen on carbon materials has not yet been fully understood, this implying the actual lack of accurate potential models [91]. Several alternative models for hydrogen-carbon interaction are also explored in the SI file.

4. Conclusions
The objective of the present study has been to develop a predictive model for high surface area activated carbon Maxsorb in application to industrial carbon capture and related adsorption separation processes.

Building on the ideas of Segarra and Glandt [66] and more recent studies of Kumar et al. [80, 81], the proposed model is based on a random packing of small, symmetric fragments (platelets) of graphite sheet. This model has many essential features of activated carbons, such as high surface area, disorder and heterogeneity of the structure. At the same time it is sufficiently flexible to tune its parameters in a systematic way and introduce additional features to reflect specific properties of the material of interest. In application to carbon dioxide and methane adsorption in Maxsorb, we show that an encouraging correlation with the experimental data can be obtained simply by constructing a model with realistic values of the surface area and accessible pore volume. For a more accurate agreement with the experimental data, a better understanding of the role of different parameters was required and this study was undertaken with a focus on the effects of platelet size, surface area, concentration and nature of surface groups, charge model, geometry of platelets and other parameters. This strategy can be applied to the development of accurate models of other high surface area carbons, with Maxsorb being only one example. 
 
Using insights from these studies we constructed a realistic model of Maxsorb material with as few tuneable parameters as possible. The final model is given by a random packing of fullerene-like fragments functionalized with hydroxylic groups and having surface area, accessible pore volume and carbon/oxygen ratio consistent with the features of Maxsorb activated carbon. 

The proposed model retains an acceptable level of accuracy (given a small number of arbitrary adjustments) for a number of species and conditions relevant to industrial carbon removal processes. We believe this model can be used to systematically optimize the use of Maxsorb in these processes, explore applicability of Maxsorb in other similar processes, or to develop completely new processes, where molecular insights on the behaviour of Maxsorb can be useful.  
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